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ABSTRACT 
The main goal of this work is to investigate the formation and speciation of 
disinfection by-products (DBPs) in treated wastewater samples following chlorine 
oxidation. Disinfection is an essential process in water and wastewater treatment to remove 
pathogens. However, it was discovered that the use of chlorine for disinfection also results 
in some toxic chemicals known as disinfection by-products. Since the 1970s, more than 
600 DBPs have been discovered, and the control of DBPs has become one of the main 
issues for drinking water regulations, treatment operations and researchers. 
Almost two billion people living in different regions or countries are going to face 
absolute water scarcity and two-thirds of the world population could be under water stress 
condition by 2025. Therefore, it is important to diversify water sources with alternative 
sources to reduce the risk of water paucity. As a result, wastewater-impacted water sources 
have been increasingly considered in water treatment. Chlorination of water containing 
high concentrations of bromide and nitrogen favor the formation of regulated and 
unregulated DBPs. The effluent organic matter (EfOM) of treated wastewater includes 
more nitrogen-containing compounds than natural organic matter (NOM) (e.g N/C mass 
ratios of EfOM and NOM are ~ 0.20 and 0.01-0.06, respectively). Additionally, the 
concentrations of bromide and iodide are higher in wastewater effluents compared to 
surface waters. Formation of iodinated and brominated DBPs which are more toxic than 
their chlorinated analogues is favored. Although the literature is rich with studies focusing 
iii 
on DBPs formation from NOM and in fresh waters, there is still limited information about 
DBPs` formation and speciation from EfOM in treated wastewater effluents. For future 
indirect (IPR) or direct potable reuse (DPR) applications, it is essential to increase our 
knowledge related to DBPs formation in effluent-impacted waters. 
The result of this work showed that initial bromide concentration was the most 
important factor affecting formation and speciation of DBPs among the factors tested, 
which included bromide concentration, EfOM type, pH and chlorine dose. Higher bromide 
concentration increased both total trihalomethanes (TTHM) and total haloacetonitriles 
(THAN) formation. However, total haloacetic-aid (HAA) formation did not increase. 
Additionally, THM formation was favored in alkaline condition, but HAN formation 
decreased with the higher pH value. Moreover, HAA formation was favored in neutral 
condition. Effect of chlorine dose was not as effective as the bromide concentration and 
pH on DBPs formation. Higher chlorine dose slightly increased both THMs and HAAs, 
but THAN formation decreased. Lastly, between different samples DBPs formation and 
speciation was not considerably different. However, some differences were observed such 
as chlorine dose affected formation of THAN at different rates for samples WWTP 2 and 
WWTP 5. 
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INTRODUCTION 
 
 
The main goal of this work was to investigate the formation and speciation of 
disinfection by-products (DBPs) in treated wastewater samples following chlorine 
oxidation. Disinfection is an essential process in water and wastewater treatment to remove 
pathogens in water. However, it was discovered that the use of chlorine for disinfection 
also results in some toxic chemicals known as disinfection by-products (Kroner, 2014; 
Rook, 1979). Since the 1970s, more than 600 DBPs have been discovered, and the control 
of DBPs has become one of the main issues for drinking water regulations, treatment 
operations and researchers (X. F. Li & Mitch, 2018; Muellner et al., 2007; Richardson, 
Plewa, Wagner, Schoeny, & Demarini, 2007a). The Safe Drinking Water Act (SDWA) was 
passed in 1974, and the total trihalomethane rule (TTHM) came into effect in 1979 to force 
drinking water utilities to decrease the formation of THMs, which cause chronic health 
problems for the consumers (Roberson, 2008).  Moreover, the U.S. Environmental 
Protection Agency established the Enhanced Surface Water Treatment Rule in 1989 and 
the two stage D/DBP rule in 1989 and 2006 (Bryant et al. 1992). As a result, four 
trihalomethanes (THM4) and five haloacetic acids (HAA5), which are organic DBPs, are 
regulated at maximum contaminant levels (MCL) of 80 µg/L and 60 µg/L, respectively. 
Additionally, bromate and chlorite, which are inorganic DBPs, are regulated at maximum 
contaminant levels of 10 µg/L and 1000 µg/L, respectively (Table 1) (US EPA 2006).   
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Table 1: Regulated DBPs by USEPA with their maximum contaminant levels 
MCL: Maximum Contaminant Level 
Nitrogenous disinfection byproducts (N-DBPs), such as haloacetonitriles (HANs), 
halonitromethanes (HNMs) and haloacetamides (HAcAms), which occur most of the time 
in much lower concentration than regulated disinfection byproducts,   also form during 
water treatment. Although they are not regulated, they show much higher levels of 
cytotoxicity and genotoxicity than the regulated THMs and HAAs (Muellner et al., 2007; 
Plewa et al., 2004; Plewa, Simmons, Richardson, & Wagner, 2010; Plewa, Wagner, 
Muellner, Hsu, & Richardson, 2008).  
Almost two billion people living in different regions or countries are going to face 
absolute water scarcity and two-thirds of the world population could be under water stress 
DBPs Type DBPs Class DBPs Species Abbreviation 
Chemical 
Formula 
MCL (µg/L) 
Organic THM4 
Chloroform TCM CHCl3 
80 
Bromodichloromethane DCBM CHBrCl2 
Dibromochloromethane DBCM CHBr2Cl 
Bromoform TBM CHBr3 
Organic HAA5 
Monochloroacetic acid MCAA C2H3ClO2 
60 
Monobromoacetic acid MBAA C2H3BrO2 
Dichloroacetic acid DCAA C2H2Cl2O2 
Trichloroacetic acid TCAA C2HCl3O2 
Dibromoacetic acid DBAA C2H2Br2O2 
Inorganic Bromate - - BrO3- 10 
Inorganic Chlorite - - ClO2- 1000 
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by 2025 (“What Is Water Scarcity? | Fluence,” 2017). Therefore, it is important to diversify 
water sources  with alternative sources to reduce the risk of water paucity. As a result, 
wastewater-impacted water sources have been increasingly considered in water treatment 
(Le Roux et al., 2017). The effluent organic matter (EfOM) of treated wastewater includes 
more nitrogen-containing compounds than natural organic matter (NOM) (e.g N/C mass 
ratios of EfOM and NOM are ~ 0.20 and 0.01-0.06, respectively)  (Drewes & Croue, 2000; 
Roux & Nihemaiti, 2016; Zheng, Khan, & Crou, 2014). Additionally, the concentrations 
of bromide and iodide  are  higher in wastewater effluents compared to surface waters. 
Formation of iodinated and brominated DBPs which are more toxic than their chlorinated 
analogues is favored (Muellner et al., 2007; Plewa et al., 2008). Although literature is rich 
with studies focusing on DBPs formation from NOM and in fresh waters, there is still 
limited information about DBPs formation and speciation from EfOM in treated 
wastewater effluents (Shon, Vigneswaran, & Snyder, 2006). For future indirect (IPR) or 
direct potable reuse (DPR) applications, it is essential to increase our knowledge related to 
DBPs formation in effluent-impacted waters. Therefore, this research examined the 
formation and speciation of DBPs in EfOM–containing waters during chlorination.  
Specifically, the effects of  EfOM type, Br- concentration, pH and oxidant dose on the 
DBPs formation and speciation have been examined. Overall, the results will increase our 
understanding of formation and speciation of selected regulated and unregulated DBPs in 
effluent impacted waters.  
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LITERATURE REVIEW 
 
Chlorination 
After understanding the relationship between illnesses and wastewater, it was 
initially believed odor was the main cause. In order to overcome the odor problem, chlorine 
was used without knowing its germicidal effect. The first time of chlorine use as a 
disinfectant was in 1879 (Desiderio & Nibbering, 2010). Since then chlorine is one of the 
most common disinfectant in both drinking water and wastewater disinfection (Yang, 
Shang, & Huang, 2005).  
Chloride is highly reactive and a strong oxidant like other members of the halogen 
family (Manahan, 2017). In gaseous form, chlorine is a greenish-yellow gas while in the 
liquid form (e.g., NaOCl) it is yellowish amber. The gaseous form is 2.5 fold heavier than 
air, therefore, when it is released, it readily sinks. Chlorine gas is soluble in water and has 
a bleaching effect on many forms of natural fibers (Desiderio & Nibbering, 2010).  
Chlorine is applied in two common forms: the first form is gaseous chlorine (Cl2) and, 
the second is liquid form such as sodium hypochlorite (NaOCl). The following reactions, 
rapid hydrolyzation and then dissociation, occur after adding chlorine gas in water. 
Hydrolysis reaction: To produce hypochlorous acid (HOCl).  
𝐶𝑙2(𝑔𝑎𝑠) +  𝐻2𝑂 → 𝐻𝑂𝐶𝑙(𝑎𝑞) +  𝐻
+ + 𝐶𝑙− 
Dissociation reaction: Weak hypochlorous acid to hypochlorite ions (OCl-) 
𝐻𝑂𝐶𝑙(𝑎𝑞)  →  𝐻+ + 𝑂𝐶𝑙− 
(1) 
(2) 
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Both hypochlorous acid and hypochlorite ion are germicides; however, the acid 
form more effective than the ionic form to kill Escherichia coli bacteria since the acid form 
is a stronger oxidant (Eastman, 2000). If any of these two forms are available in water, it 
is called “free chlorine” or “free available chlorine”. Free chlorine, however,  also reacts 
with  organic and inorganic compounds, which decreases its germicidal effect. 
Two types of reactions occur between organic compounds and chlorine. The first 
and most common reaction is the oxidation process, where free chlorine oxidizes organic 
compounds. The second reaction is called substitution. Some component of organic matter 
is substituted with chlorine atoms and forms halogenated organic derivatives as shown in 
figure 1. 
 
Figure 1: Haloform Reaction Pathway (Trussell & Umphres, 1978) 
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Formation of Disinfection By-Products (DBPs) and Their Precursors 
Disinfection by-product precursors such as NOM, algal organic matter (AOM), 
EfOM, bromide, iodide, anthropogenic contaminants and nitrite react with oxidants; 
chlorine, chloramine, ozone or chlorine dioxide to form DBPs (Richardson, Plewa, 
Wagner, Schoeny, & Demarini, 2007b) (Table 2).  
Table 2: Formation of Disinfection by-Products and Their Precursors 
Precursors  Oxidants  Disinfection by-Products (DBPs) 
 
NOM 
AOM 
EfOM 
Br- 
I- 
 
 
 
+ 
 
Chlorine (Cl2) 
Chloramine (NH2Cl) 
Ozone (O3) 
Chlorine Dioxide (ClO2) 
 
 
 
 
= 
THMs 
HAAs 
HANs 
HNMs 
I-THMs 
BrO3- 
ClO2- 
 
To date four trihalomethanes (THM4), five haloacetic acids (HAA5), bromate 
(BrO3
-) and chlorite (ClO2
-) are regulated in drinking waters at 80 µg/L, 60 µg/L, 10 µg/L 
and 1000 µg/L, respectively (Table 1). However, more than 600 DBPs have been identified 
in drinking waters (Muellner et al., 2007; Richardson, 2003; Weinberg, Richardson, 
Salvador, Chinn, & Onstad, 2006) including unregulated DBPs such as NDMA (N-
nitrosodimethylamine), HNMs (halonotromethanes), I-THMs (iodotrihalomethanes), 
HANs (haloacetonitriles) and HAcAms (haloacetamides) posing public health concerns. 
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Therefore, with more data and information, it is plausible to expect other types of DBPs 
regulated in the near future (Richardson et al., 2007b). 
Trihalomethanes (THMs) 
Trihalomethanes (THMs) were reported the first time by Bellar et al. (1974) and 
Rook (1976). They are the most abundant DBPs species in chlorinated drinking waters 
regardless of the water sources. Biologically treated wastewater effluents include 
polysaccharides, proteins, lipids, nucleic acid, and NOM as macromolecules (Levine, 
Tchobanoglous, & Asano, 1985). Additionally, NOM exists in all surface and ground 
waters. Moreover, it is the primary THMs precursors and derived from various natural 
organic materials (Chu, Wong, & Li, 2002). Additionally, EfOM includes humic and fulvic 
acids in the size range of 103 to 106 Da (Pempkowiak & Obarska-Pempkowiak, 2002; Stull, 
Swift, & Niedoroda, 1996). Humic substances (i.e. humic acid and fulvic acid) are one of 
the main THMs precursors since they contain electron-rich sites (David A. Reckhow, 
Singer, & Malcolm, 1990). Therefore, removing precursors before oxidation process is one 
of the main techniques to prevent THMs formation.    
Haloaceticacids (HAAs) 
Haloacetic acids (HAAs) are members of the acetic acid family and occur after 
water disinfection process by chlorination and/or chloramination (Cowman & Singer, 
1996; Hong et al., 2013; Zhang, Zhou, Zeng, Song, & Li, 2010). They include a carboxylic 
acid attached to a halogenated radical. Thirty-four HAAs can form by replacement of Cl-, 
Br- and I- anions for the three hydrogen atoms on the alpha carbon and 13 of them are 
shown in Figure 3. Concentration of HAAs and THMs in chlorinated water changes 
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depending on available precursor level. For instance, high concentration of NOM result in 
high concentration of THMs and HAAs formation (Liang & Singer, 2003). HAA5 refers 
to five haloacetic acid species (i.e., monochloroacetic acid, dichloroacetic acid, 
trichloroacetic acid, monobromoacetic acid, and dibromoacetic acid) that have been 
regulated beginning in 1998. Additionally, in 2016 USEPA required monitoring 
bromochloroacetic acid, bromodichloroacetic acid, chlorodibromoacetic acid, and 
tribromoacetic acid in the Fourth Unregulated Contaminant Monitoring Rule (UCMR4). 
Hence, the five regulated HAA and four unregulated species collectively are called as 
HAA9 (US EPA 2016).  
Figure 2: Structures of 13 HAAs present in disinfected water (NTP, 2018) 
9 
Haloacetonitriles (HANs) 
Haloacetonitriles (HANs) are found in chlorinated water similar to THMs and 
HAAs, but their concentrations are usually lower, and HANs are not regulated yet. 
However, HANs have higher geno- and cytotoxicities than THMs and HAAs. Therefore, 
the presence of HANs in water should not be neglected (Huang, Wu, Tang, Jiang, & Hu, 
2013).  
Haloacetonitriles are members of the acetonitrile family but one or more hydrogen 
atoms is replaced by halogens as shown in Figure 4. 
Figure 3: Structure of four haloacetonitriles 
Chloroacetonitrile (CAN), bromoacetonitrile (BAN), dichloroacetonitrile (DCAN), 
bromochloroacetonitrile (BCAN), bromodichloroacetonitrile (BDCAN), 
dibromoacetonitrile (DBAN), trichloroacetonitrile (TCAN), and tribromoacetonitrile 
10 
(TBAN) are the most frequently identified HAN species. The dihalogenated HANs 
(DHANs) are the most abundant species in chlorinated water (Oliver, 1983). HAN 
formation in EfOM–containing water is related to nitrogenous precursors. Additionally, 
hydrophilic neutral and hydrophilic base and colloidal fractions of NOM are responsible 
for HAN formation in chlorinated water (Bond, Huang, Templeton, & Graham, 2011). 
Moreover,  other factors such as pH, temperature, bromide concentration, and chlorine 
dosage  are important to consider in HAN formation and speciation (Ahmadi & 
Ramavandi, 2014; Bougeard, Goslan, Jefferson, & Parsons, 2010; Chiang, Chang, Chuang, 
Liang, & Huang, 2010; Xue, Wang, Chu, & Templeton, 2014).  Trihalogenated 
acetonitriles (THANs) are not easy to analyze since they occur in lower concentrations and 
tend to degrade during extraction and analysis steps (Kristiana, Lethorn, Joll, & Heitz, 
2014). Many studies focus on analyzing the most abundant di-halogenated HAN (DHAN) 
species such as DCAN, BCAN, and DBAN. 
Total Organic Halogen (TOX) 
Total organic halogen (TOX) is a surrogate parameter that includes both known 
and unknown DBPs. TOX results show that researches focus on at most 50% of total 
organic halogens (known as TOX %) after chlorination (C. Li, Benjamin, & Korshin, 
2002). Furthermore, the percentage decreases to 20% after chloramination disinfection, as 
molar concentration (Reckhow and Singer 1984; Richardson 2003). Total organic chloride 
(TOCl), total organic bromide (TOBr) and total organic iodide (TOI) are the parameters 
that show chlorinated, brominated and iodinated DBPs formed after disinfection processes, 
respectively. Hua and Reckhow (2006) developed an off-line TOX measurement technique 
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to understand the ratio of each parameter. By using an off-line method, it is possible to 
calculate the known and unknown portions of chlorinated, brominated and iodinated 
organic DBPs (Hua & Reckhow, 2006).  
Factors Affecting DBPs Formation and Speciation 
Many different factors such as organic type and concentration, pH, anions (Br-, I-, 
etc.) concentration, oxidation (chlorination, chloramination, ozonation etc.) conditions, 
water temperature and contact time are important in the formation and speciation of DBPs. 
Thus, it is important to understand how these parameters alter the formation and speciation 
of different DBPs  (Allard, Tan, Joll, & Von Gunten, 2015; Ates, Yetis, & Kitis, 2007; 
Kitis, Kilduff, & Karanfil, 2001).  
Effect of Effluent Organic Matter Type 
Total formation and speciation of DBPs are different with algal organic matter 
(AOM), natural organic matter (NOM) and effluent organic matter (EfOM) samples within 
the same condition. Another important factor is dissolved organic carbon (DOC) 
concentration and treated wastewater samples usually have higher DOC concentration than 
surface water samples which led to higher DBPs formation in EfOM samples. EfOM is a 
mixture of NOM, soluble microbial products (SMPs) and trace organic chemicals (Shon et 
al., 2006). Formation of DBPs in EfOM samples depend on the amount of precursor 
available. Additionally, bromide, iodide, ammonia and organic nitrogen concentrations are 
important factors accounting for the quantity of DBPs and their speciation after 
chlorination. Treated wastewaters have high inorganic DBPs precursors such as bromide 
and iodide (AWWA 2008). These anions increase the formation of brominated and 
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iodinated DBPs which are generally more cyto- and genotoxic than chlorinated DBPs. 
Formation of DBPs in EfOM is usually higher compared to fresh water NOM containing 
samples because of higher dissolved organic carbon (DOC) concentration of EfOM 
samples. However, DBPs formation per DOC is lower compared to NOM samples. Reason 
for this situation was attributed to the lower amount of humic substances in EfOM  
(Sirivedhin & Gray, 2005). Also, SUVA values for EfOM samples (~1.0-2.5 L/mg.m) are 
usually lower than NOM samples, indicating the less aromatic nature of EfOM as 
compared to NOM samples. NOM and EfOM  consist of different kinds of organic 
materials with different ratios shown in Appendix C (Drewes & Croue, 2000; Krasner et 
al., 2008). Since previous research has largely focused on DBPs formation in NOM 
samples, this study focused solely on the EfOM samples to improve our understanding of 
DBP formation and speciation from EfOM under different operational conditions.     
Effect of pH 
The pH is one of the important parameters that affects the formation and speciation 
of DBPs in EfOM samples. Koukouraki et al. (2003) reported that total THM (TTHM) 
formation was increased by changing the pH from 6 to 8.5. However, the pH effect on 
HAA concentration and speciation was not conclusive. Sun Y. et al. (2009a) showed that 
the formation of HAA differed between two samples. One of the samples with higher 
ammonia concentration (5.4 mg/L) had the lower HAA concentration at neutral pH values. 
But, in the other sample, in which ammonia concentration of 0.17 mg/L, HAA formation 
did not change considerably by varying pH from 4 to 9. Huang et al. (2016) studied DCAN 
formation at different pH values and showed that the concentration was decreased greatly 
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from pH 6 to 7. By further increasing pH to 9, DCAN formation continued to decrease but 
at a slower rate. Doederer et al. (2014) similarly showed DCAN formation decreased by 
increasing pH from 5.5 to 8.5. Moreover, TCAN decreased slightly and BCAN slightly 
increased by increasing pH. Lastly, DBAN concentration at pH 8.5 was almost double 
compared to its molar concentration at pH 5.5.   
Effect of Bromide (Br-) 
Bromide is one of the DBPs precursor and higher concentration of bromide 
increases brominated-DBPs and total DBPs formation. During chlorination, hypochlorous 
acid (HOCl) oxidizes bromide ions to hypobromous acid (HOBr), which reacts with 
organic constituents and forms brominated DBPs such as TBM, DBCM, DBAA, BCAA, 
and BCAN (Sun, Wu, Hu, & Tian, 2009a). Moreover, Sun et al. (2009a) showed that 
TTHM and HAA concentration increased with higher initial bromide concentration in 
EfOM samples, but chlorinated THM and HAA species slightly decreased. Additionally, 
brominated and bromochloro- HAA species became dominant species. 
Effect of Oxidant Dose 
Chlorine dose also affects the formation and speciation of DBPs; however, there 
are limited studies in the literature with EfOM. Both Koukouraki and Diamadopoulos 
(2003) and Sun et al. (2009b) showed in their EfOM work that TTHM formation increased 
with higher free chlorine concentration. Sun et al. (2009b) showed that THAA 
concentration was increased with higher chlorine concentration. TCM and DCAA were the 
main species that occurred compared to other THM and HAA species, respectively. Huang 
et al. (2016) studied the formation of DCAN at different chlorine concentrations and found 
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that DCAN concentration increased to a maximum level and then at the highest chlorine 
concentration DCAN concentration decreased greatly. Most probably DCAN formation 
rate is slower than its degradation rate at the highest chlorine dose.   
Effect of Temperature 
There is limited information on the effect of the temperature on the formation and 
speciation of DBPs in EfOM samples. Sun et al. (2009b) examined the temperature effect 
on two effluent water samples with varying DOC and ammonia concentrations. The results 
showed that total THM formation and THMs speciation did not change considerably in 
either samples by increasing temperature from 4 C to 30 C. However, total HAA 
formation was different for each sample. While THAA concentration decreased 
considerably by increasing temperature for one of samples, THAA concentration in the 
other sample did not change. THMs are more stable than HAAs; therefore, their finding is 
reasonable. Results indicate the temperature dependence of HAA formation needs further 
research.  
15 
RESEARCH OBJECTIVES AND APPROACH 
The main goal of this research was to investigate the formation and speciation of 
disinfection by-products, specifically THM4, HAA9 and HAN6, chloral hydrate and TOX 
in selected treated wastewater effluent samples after chlorination. Most of the previous 
research has focused on natural organic matter samples but intentional or unintentional 
treated wastewater reuse has been increasing due to urbanization, increasing frequency of 
drought events, scarcity of water resources, and increasing water demand. Therefore, this 
research had following the four objectives to investigate the following factors during 
chlorination: 
1) The effect of EfOM type on the formation and speciation of DBPs. To achieve
this objective, treated wastewater samples were collected from five different
wastewater treatment plants before chlorination by the wastewater treatment plant.
All treatment plants were receiving different type of wastewater (domestic,
industrial and mixed). Therefore, sample characteristics were different. Samples
were diluted to 2 mg C/L to have the same DOC concentration. Then, bromide and
iodide were added into samples to achieve the concentrations of 200 µg/L and 40
µg/L, respectively. Lastly, the pH of the samples was adjusted to 7.5. Samples were
dosed under uniform formation conditions (UFC) to reach a residual free chlorine
of 1 mg/L after 24 hours.
2) Initial Br- concentration on the formation and speciation of DBPs. DOC and
iodide are DBPs precursors. To remove their effects on the formation and speciation
16 
DBPs, DOC and iodide concentrations of 5 samples were set to 2 mg C/L and 40 
µg/L, respectively. The pH was adjusted to 7.5. Then, bromide was added to 
samples at 40 µg/L, 200 µg/L, 400 µg/L and 800 µg/L initial concentrations. 
Samples were oxidized following UFC conditions. 
3) pH effect on the formation and speciation of DBPs. To achieve this objective,
two selected (see part 2) wastewater samples were diluted to 2 mg C/L DOC.
Bromide and iodide were added to samples at 200 µg/L and 40 µg/L concentrations,
respectively. Then, three different pH values (e.g., 6, 7.5 and 9) were selected to
represent acidic, neutral and alkaline conditions. Finally, samples were oxidized at
UFC conditions.
4) Cl2 dose on the formation and speciation of DBPs. Two selected samples` DOC,
bromide and iodide concentrations were set to 2 mg C/L, 200 µg/L, 40 µg/L,
respectively. Additionally, the pH was adjusted to 7.5. Depending on initial pH,
HCl or NaOH was used to bring the pH to 7.5. After that, to keep pH constant
10mM phosphate buffer solution with pH 7.5 put into samples. Then, three Cl2
doses were selected and each sample oxidized with 5, 10 and 15 mg Cl2/L chlorine.
The samples were held for 24 hours and DBPs experiments conducted.
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MATERIALS AND METHODS 
Glassware, Reagent Water and Chemical Reagents 
All glassware was washed with Alconox. It was rinsed first with distilled (DI) water 
and then with deionized and distilled (DDI) water produced by a Millipore water 
purification system. The DDI water was type 1 with a resistivity of 18 MΩ-cm. 
Subsequently the glassware was dried at 105 C for at least 12 hours in an oven to prevent 
dust and contamination. All chemicals used were American Chemical Society reagent 
grade or higher. All stock solutions and buffers were prepared fresh at the time of use. 
Sample Collections and Pre-Treatment 
Treated wastewater samples were collected from five different treatment plants 
(WWTP-1, WWTP-2, WWTP-3, WWTP-4, and WWTP-5). Samples were collected after 
all treatment process and just before any oxidant/disinfection addition. Afterwards, 
samples were filtered with pre-washed 0.2 µm cartridge filters (Whatman™ Polycap™ 
TC) to eliminate biological activity. Afterwards, samples were stored at 4 C in the dark.  
Table 3 summarizes the treatment processes, some of the operating parameters and 
wastewater type of each WWTP. Additionally, treated WW characteristics are given in 
Table 4. Moreover, typical effluent constituent concentrations given in Figure C-3 
(Tchobanoglous, Burton, & Stensel, 1991).  
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Table 3: Treatment processes, some operational parameters and wastewater type of 
treatment plants 
Water 
Treatment 
Plants 
Treatment 
Process 
Nitrification Denitrification 
Phosphorous 
Removal 
MLSS 
(mg/L) 
SRT 
(days) 
Wastewater 
Source 
WWTP-1 
Extended 
Aeration 
Yes No No 3092 12 
Plastic ind.           
Metal ind.            
  Dye ind.             
Bakery 
   Domestic 
WWTP-2 
Biological 
Nutrient 
Removal 
Activated 
Sludge, UCT 
VIP and 
modified 
UNC Trains 
Yes Partial Yes 4435 10 
 Chemical 
ind.           
  Domestic 
WWTP-3 
Bardenpho 
(Fermentation, 
First anoxic, 
Nitrification, 
Second 
anoxic, 
Reaeration 
Yes Partial Yes 3000 10 
Domestic 
 Dye ind. 
Metal ind.            
WWTP-4 
Carousel 
aeration with 
anoxic zone, 
activated 
sludge 
Yes Partial No 2670 14 
Domestic 
Metal ind.     
WWTP-5 
Trickling 
Filters and 
Rotating 
Biological 
Contactors 
Yes No No N.A N.A Domestic 
No denitrification: 15 mg N/L < NO3-  
Partial denitrification: 5 mg N/L < NO3- < 15 mg N/L 
Denitrification: NO3- < 5 mg N/L 
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Table 4: Selected effluent wastewater quality of each treatment plant 
Water 
Treatment 
Plants 
DOC 
(mg/L) 
DON DN NH4+ NO3- NO2- SUVA254
(L/mg.m) (mg/L as N) 
WWTP-1 5.5 4.1 21.9 0.17 17.6 0.05 2.6 
WWTP-2 8.0 1.8 8.9 0.02 7.0 0.16 2.0 
WWTP-3 5.1 3.8 11.9 0.00 7.9 0.15 2.7 
WWTP-4 5.1 1.7 8.4 0.08 6.3 0.26 2.7 
WWTP-5 4.2 2.1 19.3 0.00 17.2 0.03 2.5 
Chlorine Production and Measurement 
Before each experiment, fresh chlorine was prepared by diluting sodium 
hypochlorite (5-6% available free chlorine). Standard method 4500-Cl F (DPD Ferrous 
Titrimetric Method) was used to measure the concentration of free chlorine (APHA, 
AWWA, & WEF, 2012) 
Uniform Formation Conditions (UFC) Protocol 
UFC protocol was developed to imitate real water distribution system, where the 
pH value should be 8 and residual chlorine concentration after 24 hours must be 14 µM (1 
mg/L)  (Summers, Hooper, Shukairy, Solarik, & Owen, 1996). Following modifications 
required to conduct pH effect and chlorine dose effect experiments. One of the 
modification is the pH value adjusted to 6, 7.5 and 9. The second modification is 140 µM 
(10 mg/L) and 210 µM (15 mg/L) chlorine dose applied which ends up with more than 14 
µM (1 mg/L) residual chlorine concentration at the end of 24 hours.   
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Total Organic Carbon and Total Nitrogen Measurement 
Shimadzu TOC-VCHS high temperature combustion analyzer equipped with a total 
nitrogen (TN) module was used to measure dissolved organic carbon (DOC) and dissolved 
nitrogen (DN). DOC standards were prepared from a 1000 mg C/L potassium hydrogen 
phthalate solution that was diluted in the range of 0.2 mg/L to 25 mg/L. TN standards were 
prepared by diluting 1000 mg/L potassium nitrate in the range of 0.2 mg/L to 5 mg/L. 
Detection limits for both TOC and TN was 0.2 mg C/L and 0.2 mg N/L, respectively.   
Ammonia Measurement 
Ammonia was measured with a HACH DR/820 colorimeter by the salicylate 
method. In this method, salicylate reagent was added into 10 mL sample and allowed to 
stand for three minutes. Later, cyanurate was added into the vial. After 15 minutes of 
reaction time, ammonia was measured in the colorimeter.  
Anions Measurement 
Standard solutions (5–1000 g/L) were prepared by diluting 1000 mg/L ion 
chromotography standards (Fluka, TraceCERT). The anions (i.e., chloride, nitrite, nitrate, 
bromide and iodide) were measured with a Dionex ICS-2100 ion chromatography system 
equipped with an anion atlas electrolytic suppressor (AAES). During measurement a 
Dionex AS-19 column coupled with an AG-19 guard column was used. The eluent was a 
20 mM KOH solution. Detection limits for chloride, nitrite, nitrate, bromide and iodide 
were 5 µg/L, 20 µg/L, 15 µg/L, 10 µg/L and 25 µg/L.  
21 
Dissolved Organic Nitrogen Calculation 
The following formula was used to calculate the dissolved organic nitrogen (DON). 
DON = DN – NO3-N – NO2-N – NH4+ 
Shimadzu TOC-VCHS high temperature combustion analyzer equipped with a total 
nitrogen (TN) module was used to measure dissolved nitrogen (DN). Moreover, ammonia 
was measured with a HACH DR/820 colorimeter by the salicylate method. Additionally, 
nitrite and nitrate measured with Dionex ICS-2100 ion chromatography system equipped 
with an anion atlas electrolytic suppressor.  
TOCl, TOBr and TOI Measurement 
An Analytical Jena Multi X 2500 TOX Analyzer (Analytikjena, Jena, Germany) 
coupled with an off-line Dionex ICS-2100 ion chromatography system was used to 
measure TOCl, TOBr and TOI.  
Samples were acidified with sulfuric acid (pH ~ 2). Afterwards, 80 mL of the 
acidified samples were allowed to pass through two activated carbon columns in series. 
The activated carbon columns were washed with 20 mL nitrate solution to remove 
inorganic halides. Then, the columns were burned for 20 min at 950 C and organic halides 
transferred into 20 mL DDI water from the gas phase. Finally, the DDI water with organic 
halides was analyzed in the ICS-2100 for chloride, bromide and iodide anions.  
Total organic halide (TOX) is the total of known TOX and unknown TOX (UTOX). 
Therefore, to calculate UTOX, the sum of the measured THMs, HAAs and HANs (known 
TOX) was subtracted from the measured TOX 
(3)
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UV254 Absorbance 
A Varian Cary® 50 UV-Vis Spectrophotometer was used to measure samples using 
ultraviolet (UV) absorbance at 254 nm. The standard method 5910B was followed, samples 
poured into 1 cm quartz cuvette to measure UV at a wavelength of 254 nm (APHA et al., 
2012).  
pH Measurement 
A SM 4500-H+ pH electrode with a VWR Symphony pH meter was used to measure 
pH of samples. Before measuring pH, calibration with buffer solutions of pH 2, 4, 7 and 
10 was conducted. 
THM and HAN Measurement 
To measure trihalomethanes (THMs) USEPA Method 551.1 was followed (Munch 
& Hautman, 1995). After oxidation, 50 mL of the sample was transferred into 60 mL 
extraction vials. Then, 3 mL methyl tert-butyl ether (MtBE) and 10 g of sodium sulfate 
previously dried in the oven were added. The vials were shaken for 30 min at 300 rpm, 
followed by ten minutes wait to allow for phase separation. The MtBE phase was then 
transferred into GC vials and analyzed on an Agilent 6890 gas chromatography (GC-ECD) 
equipped with a DB-1 column (J&W Scientific 30m * 0.25mm * 1µm). The temperature 
of the GC was 35 0C at first. Then it increased 250C per min until temperature reached 145 
0C and held for 3 min. The temperature increased again until 240 0C by 35 0C per min and 
held for 5 more min. Overall it took 30.11 min to run a sample. The carrier gas for the GC 
column was UHP (ultra-high purity) hydrogen gas, and as make-up gas UHP nitrogen was 
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used. Finally, the injector temperature was set at 230 0C, while detector temperature was 
260 0C (Munch & Hautman, 1995).  
HAA Measurement 
To measure haloacetic acids (HAAs) USEPA Method 552.2 (Domino et al., 2003) 
was followed. After oxidation, 40 mL samples were transferred into 60 mL extraction vials 
and 2 mL sulfuric acid was added to acidify them. Then, 4 mL MtBE and 8 g of sodium 
chloride were added in order. To make sure the salts dissolved completely, vials were 
placed on a shaker table  for 30 min at 300 rpm. After 10 min separation time, the MtBE 
phase was transferred into 10mL borosilicate glass tubes. One mL of 10% H2SO4 /MeOH 
solution was added into glass tubes containing the water samples and allowed to sit for two 
hours in a water bath at 50 0C for the methylation process. Afterwards, the glass tubes were 
removed from the bath to cool down and quenched with 4 mL saturated NaHCO3. Samples 
were analyzed with an Agilent 6890 gas chromatography (GC-ECD) equipped with a DB-
1 column (J&W Scientific 30 m * 0.25 mm * 1 µm). The temperature of the GC was 35 0C 
at first for six minutes. Then, temperature was increased 15 0C per min until 220 0C. UHP 
(ultra-high purity) hydrogen gas was used as the carrier gas, and UHP nitrogen was used 
as the make-up gas. Finally, the injector temperature was set at 200 0C, while the detector 
temperature was at 300 0C (Domino et al., 2003). 
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Bromine Substitution Factor (BSF) Calculation 
A bromine substitution factor was calculated with the following formula. 
𝐵𝑆𝐹 =  
∑ 𝐵𝑟𝐷𝐵𝑃
∑ 𝐵𝑟𝐷𝐵𝑃 + ∑ 𝐶𝑙𝐷𝐵𝑃
The BSF shows bromine incorporation on selected DPB classes and was between 0 and 1. 
To calculate BSF value molar concentrations have to be used. (Hua & Reckhow, 2006). 
For instance, the following equations show total brominated THM and chlorinated THM 
calculations. The BSF calculations performed with the mean concentrations. Therefore, no 
error bar shown in BSF related figures. 
∑ 𝐵𝑟𝑇𝐻𝑀 = [ BDCM] +   2 ∗ [ DBCM] + 3 ∗ [𝑇𝐵𝑀]
∑ 𝐶𝑙𝑇𝐻𝑀 = [ DBCM] +   2 ∗ [ BDCM] + 3 ∗ [𝑇𝐶𝑀]
(4) 
(5) 
(6)
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RESULTS AND DISCUSSION 
Under this section results of the experiments reported and discussed. The most 
relevant previous studies with this work summarized under Appendix A. Additionally, 
mass-based result given in Appendix B, which may allow to compare reported data 
easier.     
EfOM Type and Initial Bromide Concentration Effect 
THMs 
Figure 4 shows the effects of EfOM type and initial bromide concentration on THM 
formation and speciation. The results indicated that TTHM formation did not change 
considerably for different EfOMs used in this study. For instance, with an initial bromide 
concentration of 0.5 µM (40 µg/L), TTHM concentration of WWTP 1, WWTP 2, WWTP 
3, WWTP 4, and WWTP 5 were 0.33 µM (43.65 µg/L), 0.29 µM (39.37 µg/L), 0.32 µM 
(41.66 µg/L), 0.36 µM (48.38 µg/L), and 0.34 µM (45.41 µg/L), respectively. Additionally, 
speciation of THMs were relatively comparable for different samples. While the initial 
bromide concentration was 0.5 µM (40 µg/L), DBCM and TBM concentrations were 
negligible. Moreover, TCM concentrations of WWTP 1, WWTP 2, WWTP 3, WWTP 4, 
and WWTP 5 were 0.25 µM (30.44 µg/L), 0.20 µM (23.51 µg/L), 0.24 µM (28.29 µg/L), 
0.27 µM (32.54 µg/L), and 0.24 µM (28.15 µg/L), respectively. Additionally, DCBM 
concentrations of WWTP 1, WWTP 2, WWTP 3, WWTP 4, and WWTP 5 were 0.07 µM 
(10.93 µg/L), 0.08 µM (12.37 µg/L), 0.07 µM (10.84 µg/L), 0.08 µM (12.46 µg/L), and 
0.08 µM (13.28 µg/L), respectively. 
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These results were similar to previous EfOM chlorination studies conducted under 
similar experimental conditions. For example, for a Br-/DOC ratio (µg/mg) of 20, TTHM 
formation measured as 37 µg/L by Sun et al. (2009b). TTHM formation results found in 
the range of  39 to 48 µg/L with the same Br-/DOC ratio (µg/mg) in this study . Moreover, 
TCM was the dominant species. Additionally, Koukouraki and Diamadopoulos (2003) also 
reported 52 µg/L TTHM formation where TCM contributes more than 60%. Furthermore, 
TTHM formation results measured in this work are similar to TTHM results reported in 
the previous NOM studies at similar DOC levels (Ersan et al. 2019; Krasner et al. 1995). 
Krasner et al. (1995) reported TTHM concentrations of 38 µg/L, 60 µg/L, 83 µg/L, 128 
µg/L, and 182 µg/L when DOC was 1.98 mg C/L and initial bromide concentration varied 
<10 µg/L, 100 µg/L, 200 µg/L, 400 µg/L, and 800 µg/L, respectively. Ersan et al. (2019) 
reported TTHM concentration of 48 µM, 54 µM, 64 µM, and 75 µM, when DOC was 2 
mg C/L and initial bromide concentration varied 0.5 µM, 2.5 µM, 5µM, and 10 µM, 
respectively. Additional to TTHM formation results` similarities between previous NOM 
and EfOM studies, concentrations of individual species were also similar between EfOM 
and NOM studies. As mentioned in literature section, EfOM includes background NOM 
that originated from potable water sources. NOM is the primary source of THM precursors 
(Chu et al., 2002). These results suggest that NOM affecting THM formation and 
speciation.  
The initial bromide concentration changed both the TTHM formation and 
speciation as shown in Figure 4. For example, the TTHM concentrations of WWTP 5 with 
initial bromide concentrations of 0.5 µM (40 µg/L), 2.5 µM (200 µg/L), 5 µM (400 µg/L), 
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and 10 µM (800 µg/L) were 0.34 µM (45.41 µg/L), 0.48 µM (83.53 µg/L), 0.63 µM (124.82 
µg/L), 0.81 µM (180.52 µg/L), respectively. Moreover, the TCM concentration decreased 
from 0.24 µM (28.15 µg/L) to 0.02 µM (2.29 µg/L) while the TBM concentration increased 
from 0.00 µM (< MLR µg/L) to 0.40 µM (100.29 µg/L) for WWTP 5. Higher initial 
bromide concentrations tended to form higher concentrations of brominated analogues 
which was in agreement with previous studies with NOM (Ged & Boyer, 2014; Hua & 
Reckhow, 2006; Liu & Croué, 2016) and EfOM (Sun et al., 2009c) studies.  
The bromine substitution factor (BSF) for THMs, shown in figure 5, was 
comparable for the different types of treated wastewater effluent samples. BSFTHM were 
0.09, 0.13, 0.10, 0.10, and 0.12 for WWTP 1, WWTP 2, WWTP 3, WWTP 4 and WWTP 
5, respectively, with initial bromide concentration of 0.5 µM (40 µg/L). However, BSFTHM 
increased with increasing initial bromide concertation. For example, BSFTHM of WWTP 2 
were 0.13, 0.49, 0.60, and 0.75 when initial bromide concentration was 0.5 µM (40 µg/L), 
2.5 µM (200 µg/L), 5 µM (400 µg/L), 10 µM (800 µg/L), respectively.  
There is no literature study that reported BSFTHM results. However, it is calculated 
by using THM results reported by Sun et al. (2009b). The lowest BSFTHM value calculated 
as 0.02 when bromide concentration was 1.75 µM and the value became 0.78 with bromide 
concentration of 160 µM in the previous EfOM chlorination study conducted by Sun et al. 
(2009b).  Result of this work and previous studies showing that even low amount of 
bromide existence favored brominated-THM formation and TTHM formation. Moreover, 
higher the bromide concentration increased the value of  BSFTHM which indicates toxicity 
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of THMs increased  because of brominated-DBPs more toxic than their chlorinated 
analogues. 
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Figure 4: Formation of THMs during chlorination of EfOM collected from five different wastewater treatment plants 
in the presence of various initial bromide concentration. Samples were duplicated (n = 2). Mean values used to plot 
graphs and error bars obtained by using standard deviation method.  Experimental conditions: WWTP 1, WWTP2, 
WWTP 3, WWTP 4 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 = 0.32 µM, pH = 7.5, 
T = 21 ± 1 0C, reaction time = 24h. 
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Figure 5: Effect of EfOM type including various initial bromide concentration on the BSF of THM during chlorination. 
Samples were duplicated (n = 2). Mean values used to plot graphs. Experimental conditions: WWTP 1, WWTP2, 
WWTP 3, WWTP 4 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 = 0.32 µM, pH = 7.5, 
T = 21 ± 1 0C, reaction time = 24h. 
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HANs 
Figure 6 shows the effects of effluent organic matter (EfOM) type and initial 
bromide concentration on HAN formation and speciation. Total HAN (THAN) formation 
and HAN speciation were comparable for the different wastewater effluent organic 
samples. For instance, with the initial bromide concentration of 0.5 µM (40 µg/L), THAN 
concentrations of WWTP 1, WWTP 2, WWTP 3, WWTP 4, and WWTP 5 were 0.06 µM 
(7.57 µg/L), 0.04 µM (4.28 µg/L), 0.05 µM (6.36 µg/L), 0.05 µM (5.75 µg/L), and 0.06 
µM (7.75 µg/L), respectively. While initial bromide concentration was 0.5 µM (40 µg/L), 
TCAN and BAN concentrations were negligible. Moreover, DCAN concentrations of 
WWTP 1, WWTP 2, WWTP 3, WWTP 4, and WWTP 5 were 0.05 µM (5.34 µg/L), 0.02 
µM (2.70 µg/L), 0.04 µM (4.18 µg/L), 0.03 µM (3.57 µg/L), and 0.04 µM (4.64 µg/L), 
respectively. Additionally, BCAN concentrations of WWTP 1, WWTP 2, WWTP 3, 
WWTP 4, and WWTP 5 were 0.01 µM (1.57 µg/L), 0.01 µM (1.03 µg/L), 0.01 µM (1.51 
µg/L), 0.01 µM (1.61 µg/L), and 0.02 µM (2.38 µg/L), respectively. 
 Huang et al. (2016) reported DCAN concentration of 0.05 µM after chlorination of 
EfOM sample with a DOC/Cl2 ratio of 0.3 (mg/mg), the same ratio for this work was 0.4 
(mg/mg) , in agreement with this study. Moreover, a review showing EfOM chlorination 
experiment results under different conditions reported average THAN concentration of 
0.11 µM which is similar to the results reported in Figure 6 (Du et al., 2017). Furthermore, 
Krasner et al. (2007) reported fairly constant THAN/TTHM percentages for NOM samples 
in a range of 6.1 to 9.8%. The THAN/TTHM percenteges of this study changed between 
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11 to 19% which was higher due to effluent water samples with higher nitrogen-containing 
organics than NOM samples (Minear & Amy, 2017).  
Initial bromide concentration influenced both HAN formation and speciation as 
shown in Figure 6. THAN concentrations of WWTP 5 with initial bromide concentration 
of 0.5 µM (40 µg/L), 2.5 µM (200 µg/L), 5 µM (400 µg/L), and 10 µM (800 µg/L) were 
0.06 µM (7.75 µg/L), 0.09 µM (13.72 µg/L), 0.12 µM (20.13 µg/L), 0.15 µM (25.69 µg/L), 
respectively. Moreover, DCAN concentrations decreased from 0.04 µM (4.64 µg/L) to 
0.01 µM (< MRL µg/L) while DBAN concentrations increased from 0.00 µM (<MRL 
µg/L) to 0.09 µM (17.89 µg/L). Brominated HANs became dominant with increasing initial 
bromide concentration such that the DBAN/THAN ratio changed between 0.03 to 0.71 for 
WWTP 3 with 0.5 to 10 µM initial bromide concentration, respectively.  
The bromine substitution factors (BSF) for DHANs shown in Figure 7 were 
comparable for different types of samples within the same conditions. BSFDHAN were 0.12, 
0.16, 0.14, 0.15, and 0.17 for WWTP 1, WWTP 2, WWTP 3, WWTP 4 and WWTP 5 with 
initial bromide concentration of 0.5 µM (40 µg/L), respectively. However, BSFDHAN 
increased with increasing initial bromide concertation. For examples, WWTP 2 had BSF 
of 0.16, 0.64, 0.72, and 0.83 when initial bromide concentration were 0.5 µM (40 µg/L), 
2.5 µM (200 µg/L), 5 µM (400 µg/L), 10 µM (800 µg/L), respectively. Results indicated 
that higher bromide in water likely to increases toxicity of DHAN because the brominated 
analogues have been shown to be more toxic than the chlorinated species (Plewa et al., 
2008). Also total DHAN formation increased, thus increasing the potential for toxicity. 
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However, there is no study on chlorination of EfOM samples with different bromide 
concentrations reported BSFDHAN results.  
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Figure 6: Formation of HANs during chlorination of EfOM collected from five different wastewater treatment plants in 
the presence of various initial bromide concentration. Samples were duplicated (n = 2). Mean values used to plot graphs 
and error bars obtained by using standard deviation method. Experimental conditions: WWTP 1, WWTP2, WWTP 3, 
WWTP 4 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 
 C, reaction time = 24h. 
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Figure 7: Effect of EfOM type including various initial bromide concentration on the BSF of DHAN during 
chlorination. Samples were duplicated (n = 2). Mean values used to plot graphs. Experimental conditions: WWTP 1, 
WWTP2, WWTP 3, WWTP 4 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 = 0.32 µM, 
pH = 7.5, T = 21 ± 1 C, reaction time = 24h. 
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HAAs 
Figure 8 shows the effects of effluent organic matter (EfOM) type and initial 
bromide concentration on total HAA formation and speciation. Results indicated total 
HAA formation and speciation remained relatively comparable for different wastewater 
effluent samples. For instance, with initial bromide concentrations of 0.5 µM (40 µg/L), 
total HAA concentrations of WWTP 1, WWTP 2, WWTP 3, WWTP 4, and WWTP were 
0.61 µM (96.25 µg/L), 0.45 µM (71.10 µg/L), 0.61 µM (96.63 µg/L), 0.56 µM (86.33 
µg/L), and 0.63 µM (98.43 µg/L), respectively. While initial bromide concentration was 
0.5 µM (40 µg/L), DBAA and TBAA concentrations were negligible. Moreover, TCAA 
concentrations of WWTP 1, WWTP 2, WWTP 3, WWTP 4, and WWTP 5 were 0.30 µM 
(48.21 µg/L), 0.18 µM (29.79 µg/L), 0.29 µM (46.92 µg/L), 0.24 µM (39.22 µg/L), and 
0.26 µM (42.04 µg/L), respectively. Additionally, DCAA concentrations of WWTP 1, 
WWTP 2, WWTP 3, WWTP 4, and WWTP 5 were 0.20 µM (25.54 µg/L), 0.15 µM (19.51 
µg/L), 0.21 µM (26.65 µg/L), 0.22 µM (27.77 µg/L), and 0.23 µM (29.77 µg/L), 
respectively. 
WWTP 2 had slightly lower HAA formation compared to the rest of the samples 
since the raw WWTP 2 sample had the highest dilution rate to achieve 2 mg C/L DOC 
concentration. HAA results reported in this work were in agreement with previous EfOM 
chlorination studies. For instance, Sun et al. (2009a) reported total HAA formation of 66 
µg/L, as compared to the range observed from 0.45 to 0.63 µg/L in this work within similar 
conditions. However, Sun et al. (2009a) reported high amounts of CAA, contributing 
around 30% of total HAA. The reason for the high CAA contribution was attributed to two 
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times lower initial Br-/Cl2 ratio reported than in this study. Thus, formation of chlorinated 
species enhanced. Moreover, Du et al. (2017) reported average HAA concentration of 0.60 
µM after chlorination of EfOM samples in different conditions matched with the result of 
this study (Figure 10).  
Initial bromide concentration changed HAA speciation. However, total HAA 
formation remained stable with increasing initial bromide concentration. Total HAA 
concentrations of WWTP 5 with initial bromide concentrations of 0.5 µM (40 µg/L), 2.5 
µM (200 µg/L), 5 µM (400 µg/L), and 10 µM (800 µg/L) were 0.63 µM (98.43 µg/L), 0.46 
µM (82.62 µg/L), 0.58 µM (116.66 µg/L), 0.49 µM (104.07 µg/L), respectively. Moreover, 
TCAA concentration decreased from 0.26 µM (42.04 µg/L) to 0.01 µM (< MLR µg/L) 
while DBAA concentration increased from 0.01 µM (1.67 µg/L) to 0.14 µM (31.36 µg/L). 
Brominated (BAA+DBAA+TBAA = BXAA) HAA over total HAA ratio (mass based) was 
between 0.03 to 0.53 with 0.5 to 10 µM initial bromide concentrations, respectively. A 
BXAA/Total HAA ratio that changed between  0.03 to 0.40 was reported in the previous 
EfOM study (Sun et al., 2009b), which in agreement with the result of this work.  
Figure 9 and Figure 10 show di-halogenated HAA (DHAA) and tri-halogenated 
HAA (THAA) formation and speciation with different initial bromide concentrations for 
different samples. Both initial bromide concentration and EfOM type did not affect the 
total DHAA and total THAA formation. However, DHAA and THAA speciation changed 
with initial bromide concentration, and higher initial bromide concentrations increased the 
formation of brominated analogues. Additionally, [mono-halogenated HAA 
(MHAA)/(total HAA)] and [DHAA/(total HAA)] ratios  slightly increased, whereas 
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[THAA/(total HAA)] ratio decreased by increasing initial bromide concentration. 
Moreover, in most cases DHAA constituted higher percentages (0.39-0.51) than THAA 
(0.17-0.36) on molar basis which was in agreement with a previous EfOM study (Sun et 
al., 2009b). 
Bromine substitution factor (BSF) for DHAA and THAA, shown in Figure 11, was 
comparable for different types of samples within the same experimental conditions. 
BSFDHAA were 0.10, 0.13, 0.10, 0.09, and 0.11 and BSFTHAA were 0.07, 0.09, 0.07, 0.06, 
and 0.08 for WWTP 1, WWTP 2, WWTP 3, WWTP 4 and WWTP 5 with initial bromide 
concentration of 0.5 µM (40 µg/L), respectively. However, they increased with higher 
initial bromide concertation. BSFDHAA and BSFTHAA of WWTP 2 were 0.13 and 0.09, 0.48 
and 0.38, 0.55 and 0.46, and 0.70 and 0.61 when initial bromide concentrations were 0.5 
µM (40 µg/L), 2.5 µM (200 µg/L), 5 µM (400 µg/L), 10 µM (800 µg/L), respectively. Both 
BSFDHAA and BSFTHAA values increased with higher initial bromide concentrations 
indicated that toxicity of HAA species increased with higher initial bromide 
concentrations.  There is no previous study has reported BSF-HAA values to compare with 
the results of this work. Therefore, more research is needed to investigate how bromide 
concentration affects the formation and speciation of HAAs in EfOM samples after 
chlorination.
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Figure 8 Formation of HAAs during chlorination of EfOM collected from five different wastewater treatment plants in 
the presence of various initial bromide concentration. Samples were duplicated (n = 2). Mean values used to plot graphs 
and error bars obtained by using standard deviation method. Experimental conditions: WWTP 1, WWTP2, WWTP 3, 
WWTP 4 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 
C, reaction time = 24h. 
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Figure 9 Formation of DHAAs during chlorination of EfOM collected from five different wastewater treatment plants 
in the presence of various initial bromide concentration. Samples were duplicated (n = 2). Mean values used to plot 
graphs and error bars obtained by using standard deviation method. Experimental conditions: WWTP 1, WWTP2, 
WWTP 3, WWTP 4 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 = 0.32 µM, pH = 7.5, 
T = 21 ± 1 C, reaction time = 24h. 
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Figure 10: Formation of THAAs during chlorination of EfOM collected from five different wastewater treatment 
plants in the presence of various initial bromide concentration. Samples were duplicated (n = 2). Mean values used to 
plot graphs and error bars obtained by using standard deviation method. Experimental conditions: WWTP 1, 
WWTP2, WWTP 3, WWTP 4 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 = 0.32 µM, 
pH = 7.5, T = 21 ± 1 C, reaction time = 24h. 
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Figure 11: Effect of EfOM type including various initial bromide concentration on the BSF of DHAA and THAA 
during chlorination. Samples were duplicated (n = 2). Mean values used to plot graphs. Experimental conditions: 
WWTP 1, WWTP2, WWTP 3, WWTP 4 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 
= 0.32 µM, pH = 7.5, T = 21 ± 1 C, reaction time = 24h. 
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Chloral hydrate 
Figure 12 shows the effects of effluent organic matter (EfOM) type and initial 
bromide concentration on chloral hydrate formation. Results indicate chloral hydrate 
formation did not change considerably for different wastewater effluent samples. For 
instance, with initial bromide concentration of 0.5 µM (40 µg/L), chloral hydrate 
concentration of WWTP 1, WWTP 2, WWTP 3, WWTP 4, and WWTP 5 were 0.09 µM 
(14.36 µg/L), 0.07 µM (12.33 µg/L), 0.09 µM (14.20 µg/L), 0.07 µM (11.43 µg/L), and 
0.06 µM (10.63 µg/L), respectively.   
Initial bromide concentration changed chloral hydrate formation. Chloral hydrate 
concentration of WWTP 5 with initial bromide concentrations of 0.5 µM (40 µg/L), 2.5 
µM (200 µg/L), 5 µM (400 µg/L), and 10 µM (800 µg/L) were 0.06 µM (10.63 µg/L), 0.03 
µM (5.33 µg/L), 0.01 µM (1.97 µg/L), 0 µM (<MRL µg/L), respectively. By the existence 
of high bromide concentration HOCl (hypochlorous acid) transforms to HOBr 
(hypobromous acid) before oxidizing organic molecules in water which form chloral 
hydrate. Therefore, CH formation decreased by increasing initial bromide concentration 
(Barrott, 2004; Pourmoghaddas et al., 1993).  
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Figure 12: Formation of CH during chlorination of EfOM collected from five different wastewater treatment plants in 
the presence of various initial bromide concentration. Samples were duplicated (n = 2). Mean values used to plot graphs 
and error bars obtained by using standard deviation method. Experimental conditions: WWTP 1, WWTP2, WWTP 3, 
WWTP 4 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 
C, reaction time = 24h. 
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TOX 
Figure 13 shows the effects of effluent organic matter (EfOM) type and initial 
bromide concentration on TOX (TOCl + TOBr) formation. Results indicate TOX 
formation did not change greatly for the different wastewater effluent samples. For 
instance, with initial bromide concentration 0.5 µM (40 µg/L) TOX concentrations of 
WWTP 1, WWTP 2, WWTP 3, and WWTP 4, and WWTP 5 are 13.39 µM (490 µg/L), 
9.37 µM (359 µg/L), 10.12 µM (385 µg/L), 11.55 µM (435 µg/L), and 9.62 µM (372 µg/L), 
respectively. Additionally, EfOM type did not influence TOCl and TOBr formation. While 
initial bromide concentration was 0.5 µM (40 µg/L), TOCl concentrations were 13 µM 
(463 µg/L), 8.77 µM (311 µg/L), 9.54 µM (338 µg/L), 11 µM (390 µg/L), and 8.94 µM 
(317 µg/L) and TOBr concentrations were 0.32 µM (26 µg/L), 0.59 µM (47 µg/L), 0.58 
µM (46 µg/L), 0.55 µM (44 µg/L), and 0.68 µM (54 µg/L) belong to WWTP 1, WWTP 2, 
WWTP 3, WWTP 4, and WWTP 5, respectively.  
Similar TOX results were obtained with different initial bromide concentrations. 
For example, TOX concentration of WWTP 5 with initial bromide concentration of 0.5 µM 
(40 µg/L), 2.5 µM (200 µg/L), 5 µM (400 µg/L), and 10 µM (800 µg/L) were 9.62 µM 
(372 µg/L), 8.53 µM (384 µg/L), 10.39 µM (494 µg/L), and 8.63 µM (496 µg/L), 
respectively. However, TOCl and TOBr formation changed considerably. TOCl 
concentration for WWTP 5 decreased from 8.94 µM (317 µg/L) to 4.34 µM (154 µg/L) 
while TOBr concentration increased from 0.68 µM (54 µg/L) to 4.28 µM (342 µg/L) from 
the lowest to highest bromide additions.  
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Figure 14 shows known and unknown percentages of TOCl and TOBr. Results 
show unknown % of TOX decreasing by increasing initial bromide concentration. 
However, known and unknown percentages did not dramatically change for different 
wastewater effluent samples. Moreover, the percentage of unidentified DBPs decreased 
with higher initial bromide shown in figure 14. Previous researches reported unknown 
DBPs contain higher potential health risk than known DBPs (Itoh, Gordon, Callan, & 
Bartram, 2011; Richardson et al., 2007b). Thus, more research is needed to better 
understand how UTOX contribute to total TOX and toxicology aspect. Hua et al. (2006) 
reported an increase in initial bromide concentration favored the formation of known 
DBPs, which is in agreement with the results shown in figure 14. 
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Figure 13: Formation of TOX during chlorination of EfOM collected from five different wastewater treatment plants in 
the presence of various initial bromide concentration. Samples were duplicated (n = 2). Mean values used to plot graphs 
and error bars obtained by using standard deviation method. Experimental conditions: WWTP 1, WWTP2, WWTP 3, 
WWTP 4 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 
C, reaction time = 24h. 
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Figure 14: Known and unknown TOCl % & TOBr % during chlorination of EfOM collected from five different 
wastewater treatment plants in the presence of various initial bromide concentration. Samples were duplicated (n = 2). 
Mean values used to plot graphs. Experimental conditions: WWTP 1, WWTP2, WWTP 3, WWTP 4 and WWTP 5. 
[DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 0.5 – 10 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 C, reaction time = 24h.
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pH effect 
To investigate the effect of pH on the formation and speciation of DBPs two 
wastewater samples, WWTP 2 and WWTP 5 selected. Source of WWTP 2 was a mixture 
of industrial and domestic whereas WWTP 5 only treat domestic wastewater. Therefore, 
to observe pH effect on different EfOM type, WWTP 2 and WWTP 5 samples were used.  
THMs 
Figure 15A shows the effect of pH on THM formation and speciation. Results 
indicated increasing TTHM formation increased with increasing pH from 6 to 9. For 
instance, the TTHM concentrations of WWTP 2 was 0.26 µM (44.36 µg/L), 0.50 µM 
(91.63 µg/L), and 0.55 µM (99.20 µg/L) at pH 6, 7.5, and 9, respectively. Additionally, 
increasing pH affected THM speciation. All four species, TCM, DCBM, DBCM, and 
TBM, slightly increased. However, there was essentially no change in the fraction of each 
of the four species. DCBM and TBM concentrations of WWTP 2 were 0.11 µM (17.57 
µg/L) and 0.01 µM (3.17 µg/L) at pH 6, respectively, and increased to 0.18 µM (29.95 
µg/L) and 0.07 µM (17.12 µg/L) at pH  9, respectively. Previous EfOM studies  are in 
agreement with these results: i.e., THM formation increased by increasing pH value 
(Doederer, Gernjak, Weinberg, & Farré, 2014; Koukouraki & Diamadopoulos, 2003). 
Formation of THMs is believed to be a multi-step complex reaction. Hydrolysis of 
intermediate to THM after enolization of carbonyl groups can be catalytically enhanced by 
hydroxide ion [OH-] (Liu & Croué, 2016; Westerhoff, Chao, & Mash, 2004).  
The bromine substitution factor (BSF) for THMs, shown in figure 15B, did not 
change by increasing the pH value. BSFTHM values of WWTP 5 were 0.41, 0.40, 0.40 at 
50 
pH  6, 7.5, and 9, respectively. Both chlorinated and brominated THMs increased with pH, 
thus BSF values remained fairly constant with different pH conditions. 
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Figure 15: Effect of pH on formation of THMs and BSF of THM during chlorination of EfOM collected from two 
different wastewater treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and error 
bars obtained by using standard deviation method. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg 
C/L, [HOCl]0 = 70µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 6 - 7.5 - 9, T = 21 ± 1 C, reaction time = 24h.
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HANs 
Figure 16A shows the effect of pH on HAN formation and speciation. THAN 
formation decreased while pH increased from 6 to 9. For instance, THAN concentration of 
WWTP 2 was 0.07 µM (9.50 µg/L), 0.06 µM (9.45 µg/L), 0.05 µM (7.68 µg/L) at pH 6, 
7.5, and 9, respectively. Increasing pH affected HAN speciation. Especially, DCAN 
concentration decreased for sample WWTP 2 from 0.02 µM (2.45 µg/L) at pH  6 to 0.01 
µM (0.63 µg/L) at pH is 9. It has been shown that HANs degrade in alkaline conditions 
and transform to HAMs and eventually HAAs (Yu & Reckhow, 2015). The decrease in 
THAN with increasing pH was also reported by Reckhow et al. (2001) and Doederer et al. 
(2014) in NOM and EfOM samples. Moreover, the bromine substitution factor (BSF) for 
DHANs, shown in Figure 16B, increasing with increased pH, as also observed by Hua and 
Reckhow (2012). BSFDHAN of WWTP 5 were 0.51, 0.50, 0.67 at pH 6, 7.5, and 9, 
respectively. 
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Figure 16: Effect of pH on formation of HANs and BSF of DHAN during chlorination of EfOM collected from two 
different wastewater treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and error 
bars obtained by using standard deviation method. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg 
C/L, [HOCl]0 = 70µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 6 - 7.5 - 9, T = 21 ± 1 C, reaction time = 24h.
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HAAs 
Figure 17A shows the effect of pH on HAA formation and speciation. Total HAA 
formation slightly increased while pH increased from 6 to 7.5, then total HAA decreased 
sharply at pH 9. For instance, total HAA concentration of WWTP 2 were 0.42 µM (77.14 
µg/L), 0.44 µM (83.57 µg/L), 0.27 µM (47.48 µg/L) at pH 6, 7.5, and 9, respectively. The 
ratio of chlorinated HAA species increased with higher pH value. For example, CAA 
started to form at pH 9. However, it was not the only reason for increase in chlorinated 
HAA ratio. Another reason was that, brominated HAAs decreased at the high pH values. 
For instance, DBAA concentration was 0.06 µM for WWTP 2 at pH 7.5 and it became 0.03 
µM at pH 9.  
Bromine substitution factor (BSF) for di-halogenated HAA (DHAA) and tri-
halogenated HAA (THAA) are shown in Figure 17B. Both BSFTHAA and BSFDHAA values 
were the lowest when the pH value was 6.  BSFDHAA of WWTP 5 were 0.34, 0.48, and 0.43 
at pH 6, 7.5, and 9, respectively. Additionally, BSFTHAA of WWTP 5 were 0.32, 0.38, and 
0.47 at pH 6, 7.5, and 9, respectively. To compare these results with a previous studies 
BSFDHAA  and BSFTHAA values were calculated from reported HAA results by Sun et al. 
(2009b). Calculated BSFDHAA and BSFTHAA values were 0.25 and 0 when the pH was 6. At 
pH 8 the BSF values were 0.35 and 0.03, respectively. Finally, when the pH was 9, 
BSFDHAA and BSFTHAA values were 0.40 and 0.03, respectively. Calculated BSF values 
from Sun et al. (2009b) were lower because the initial Br-/Cl2 ratio was around ten time 
less than this study.     
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Figure 18A and figure 18B show the effect of pH on di-halogenated HAA (DHAA) 
and tri-halogenated HAA (THAA) formation and speciation. DHAA formation was the 
highest at neutral pH. However, THAA formation  decreased with increasing pH . Ersan et 
al. (2019) reported a similar THAA formation trend in chlorinated NOM samples; 
however, the total HAA formation trend was similar to the algal organic matter (AOM) 
chlorination study by Liu et al. (2018). Moreover, Kucukcongar et al. (2013) reported 
chlorination of NOM results with similar experimental conditions and the most HAA 
formed at pH 7.2.  
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Figure 17: Effect of pH on formation of HAAs and BSF of DHAA & THAA during chlorination of EfOM collected 
from two different wastewater treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and 
error bars obtained by using standard deviation method. Experimental conditions: WWTP2 and WWTP 5. 
[DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 6 - 7.5 - 9, T = 21 ± 1 C, reaction time = 
24h.
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Figure 18: Effect of pH on formation of DHAA and THAA during chlorination of EfOM collected from two different 
wastewater treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and error bars 
obtained by using standard deviation method. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg C/L, 
[HOCl]0 = 70µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 6 - 7.5 - 9, T = 21 ± 1 C, reaction time = 24h.
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Chloral hydrate 
Figure 19 shows the effect of pH on chloral hydrate formation. pH did not influence 
chloral hydrate formation. Barrott (2004) reported at lower pH values chloral hydrate 
transforms to TCM; but, to minimize chloral hydrate, pH should be kept as high as possible. 
However, the pH was not apparent  in this study which was attributed very low amount of 
chloral hydrate formation as shown in Figure 19. Note that the scale for Figure 19 is very 
narrow. Doederer et al. (2014) reported chloral hydrate concentrations of 0.30, 0.39 and 
0.45 µM in an EfOM sample after chlorination at different pH values, 5.5, 7 and 8.5, 
respectively.  
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Figure 19: Effect of pH on formation of CH during chlorination of EfOM collected from two different wastewater 
treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and error bars obtained by using 
standard deviation method. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, 
[Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 6 - 7.5 - 9, T = 21 ± 1 C, reaction time = 24h.
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TOX 
Figure 20 shows the effect of pH on TOX (TOCl + TOBr) formation. TOX 
formation was slightly decreased by increasing pH 6 to 9. For instance, TOX 
concentrations of WWTP 2 were 8.75 µM (403µg/L), 8.60 µM (412µg/L), and 7.98 µM 
(364µg/L) at pH 6, 7.5, and 9, respectively. Figure 21 shows known and unknown 
percentages of TOCl, TOBr, and TOX. Known TOBr % increaed with increasing pH 
values. Ersan et al. (2019) reported a similar result in NOM samples under similar 
conditions.  
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Figure 20: Effect of pH on formation of TOX during chlorination of EfOM collected from two different wastewater 
treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and error bars obtained by using 
standard deviation method. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, 
[Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 6 - 7.5 - 9, T = 21 ± 1 C, reaction time = 24h. 
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Figure 21: Effect of pH on known & unknown TOCl % & TOBr %, total known % and total unknown % during 
chlorination of EfOM collected from two different wastewater treatment plants. Samples were duplicated (n = 2). Mean 
values used to plot graphs. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM, [Br-
]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 6 - 7.5 - 9, T = 21 ± 1 C, reaction time = 24h.
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Chlorine dose effect 
THMs 
Figure 22A shows the effect of chlorine dose (CD) on THM formation and 
speciation. Results indicated that increasing CD from 70 µM to 210 µM did not increase 
TTHM formation. For instance, TTHM concentrations of WWTP 2 were 0.50 µM (91.63 
µg/L), 0.51 µM (83.17 µg/L), 0.53 µM (84.23 µg/L) when CD was 70 µM, 140 µM, and 
210 µM, respectively. However, increasing CD affected THM speciation. The 
concentration of chlorinated THMs increased with higher CD. TCM concertation of 
WWTP 2 was 0.08 µM (9.61 µg/L) when CD was 70 µM and grew to 0.19 µM (14.63 
µg/L) when CD was 210 µM. TTHM formation did not increase greatly since there were 
limited precursors available. Koukouraki and Diamadopoulos (2003) and Sun et al. (2009c) 
reported THM formation in EfOM samples at different chlorine concentrations. They 
reported that TTHM formation increased with higher chlorine dose applied which is not in 
agreement result of this study. The likely reason is that the amount of chlorine (Cl2/DOC 
ratio) was not able to oxidize all available THM precursors in the Koukouraki and 
Diamadopoulos study. Moreover, time was limited (30 min contact time) in Sun et al. 
(2009b). 
The bromine substitution factor (BSF) for THMs, shown in Figure 22B, decreased 
by increasing CD. For example, BSFTHM values of WWTP 5 were 0.41, 0.34, and 0.31 
when CD was 70 µM, 140 µM, and 210 µM, respectively. Moreover, TCM % is increased 
from 16 to 36 in WWTP 2 with CD concentrations of 70 µM to 210 µM. 
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Figure 22: Effect of chlorine dose on formation of THMs and BSF of THM during chlorination of EfOM collected from 
two different wastewater treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and error 
bars obtained by using standard deviation method. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg 
C/L, [HOCl]0 = 70µM - 140µM -210µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 C, reaction time = 24h.
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HANs 
Figure 23A shows the effect of chlorine dose (CD) on HAN formation and 
speciation. THAN formation slightly decreased while CD increased from 70 µM to 210 
µM. For instance, THAN concentrations of WWTP 2 were 0.06 µM (9.45 µg/L), 0.06 µM 
(8.64 µg/L), 0.04 µM (6.26 µg/L) when CD was 70 µM, 140 µM, and 210 µM, 
respectively. However, THAN formation decreased more drastically in WWTP 5. The 
reason for different behavior might be the different EfOM type of WWTP 2 and WWTP 5 
had. Additionally, increasing CD affected HAN speciation. The concentration of 
brominated species decreased with higher CD. DBAN concentrations in WWTP 2 were 
0.03 µM (5.57 µg/L), 0.01 µM (2.82 µg/L), 0.01 µM (1.82 µg/L) when CD was 70 µM, 
140 µM, and 210 µM, respectively. Moreover, increasing chlorine dose enhanced 
degradation of HAN formation; however, for short contact time it might increase THAN 
formation (Chiang et al., 2010; Yang, Shang, & Westerhoff, 2007). Yu and Reckhow 
(2015) reported rate of HAN loss accelerated with increase in chlorine dose and proposed 
the following second-order reaction rate expression. 
𝑑[𝐻𝐴𝑁]
𝑑𝑡
= −𝑘𝐻2𝑂−𝑘𝑂𝐻[𝑂𝐻
−][𝐻𝐴𝑁]−𝑘𝐻𝑂𝐶𝑙[𝐻𝑂𝐶𝑙][𝐻𝐴𝑁]−𝑘𝑂𝐶𝑙[𝑂𝐶𝑙
−][𝐻𝐴𝑁]
The bromine substitution factor (BSF) for DHANs, shown in Figure 23B, was 
slightly decreased by increasing CD. BSFDHAN of WWTP 5 were 0.51, 0.49, 0.48 when CD 
were 70, 140, and 210 µM, respectively.
(7)
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Figure 23: Effect of chlorine dose on formation of HANs and BSF of DHAN during chlorination of EfOM collected 
from two different wastewater treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and 
error bars obtained by using standard deviation method. Experimental conditions: WWTP2 and WWTP 5. 
[DOC]=2.0mg C/L, [HOCl]0 = 70µM - 140µM -210µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 C, reaction 
time = 24h.
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HAAs 
Figure 24A shows the effect of chlorine dose (CD) on total HAA formation and 
speciation. Total HAA formation slightly increased while CD dose from 70 µM to 210 µM. 
For instance, total HAA concentrations of WWTP 2 were 0.44 µM (83.57 µg/L), 0.43 µM 
(75.17 µg/L), 0.52 µM (90.44 µg/L) when CD was 70 µM, 140 µM, and 210 µM, 
respectively. Additionally, increasing CD changed HAA speciation. Ratio of chlorinated 
HAA species increased with higher CD. CAA started to form when chlorine dose increased 
to 140 µM. Additionally, brominated HAAs such as DBAA decreased with higher chlorine 
dose applied. Therefore, Cl-HAA/total HAA ratio increased by increasing chlorine dose. 
The bromine substitution factor (BSF) for di-halogenated HAA (DHAA) and tri-
halogenated HAA (THAA) are shown in Figure 24B. While BSFDHAA decreased BSFTHAA 
did not change as much by increasing CD.  BSFDHAA of WWTP 5 were 0.38, 0.30, and 0.26 
and BSFTHAA of WWTP 5 were 0.32, 0.33, and 0.31 when CD was 70 µM, 140 µM, and 
210 µM, respectively. 
Figure 25A & Figure 25B show the effect of CD on di-halogenated HAA (DHAA) 
and tri-halogenated HAA (THAA) formation and speciation. DHAA formation was the 
highest when CD was 70 µM. However, THAA formation increased with higher CD. 
Previous EfOM, NOM and AOM studies also reported increases in HAA formation by 
increasing CD (Koukouraki and Diamadopoulos 2003; Ersan et al. 2019; Liu et al. 2018). 
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Figure 24: Effect of chlorine dose on formation of HAAs and BSF of DHAA & THAA during chlorination of EfOM 
collected from two different wastewater treatment plants. Samples were duplicated (n = 2). Mean values used to plot 
graphs and error bars obtained by using standard deviation method. Experimental conditions: WWTP2 and WWTP 5. 
[DOC]=2.0mg C/L, [HOCl]0 = 70µM - 140µM -210µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 C, reaction 
time = 24h. 
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Figure 25: Effect of chlorine dose on formation of DHAAs and THAAs during chlorination of EfOM collected from two 
different wastewater treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and error 
bars obtained by using standard deviation method. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg 
C/L, [HOCl]0 = 70µM - 140µM -210µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 C, reaction time = 24h.
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Chloral hydrate 
Figure 26 shows the effect of chlorine dose (CD) on chloral hydrate formation. 
Higher CD favored chloral hydrate formation. For instance, chloral hydrate concentrations 
of WWTP 2 were 0.04 µM (7.32 µg/L), 0.07 µM (11.14 µg/L), 0.08 µM (13.16 µg/L) when 
CD was 70 µM, 140 µM, and 210 µM, respectively. Increasing chlorine dose increased the 
concentrations of HOCl (hypochlorous acid) which reacted with organic molecules to form 
chloral hydrate (Barrott, 2004). 
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Figure 26: Effect of chlorine dose on formation of CH during chlorination of EfOM collected from two different 
wastewater treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and error bars 
obtained by using standard deviation method. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg C/L, 
[HOCl]0 = 70µM - 140µM -210µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 C, reaction time = 24h.
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TOX 
Figure 27 shows the effect of chlorine dose (CD) on TOX (TOCl + TOBr) 
formation. TOX formation did not change were CD. For instance, TOX concentrations of 
WWTP 2 were 8.60 µM (412 µg/L), 7.83 µM (351 µg/L), and 9.47 µM (402 µg/L) when 
CD was 70 µM, 140 µM, and 210 µM, respectively. TOCl concentration slightly increased, 
but TOBr concentration remained relatively stable. 
Figure 28 shows known and unknown percentages of TOCl, TOBr, and TOX. Results 
indicated that CD did not have an effect on total unknown TOX %. However, unknown 
TOCl % increased with higher CD.
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Figure 27: Effect of chlorine dose on formation of TOX during chlorination of EfOM collected from two different 
wastewater treatment plants. Samples were duplicated (n = 2). Mean values used to plot graphs and error bars 
obtained by using standard deviation method. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg C/L, 
[HOCl]0 = 70µM - 140µM -210µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 C, reaction time = 24h. 
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Figure 28 Effect of chlorine dose on known & unknown TOCl % & TOBr %,  and total unknown TOX % during 
chlorination of EfOM collected from two different wastewater treatment plants. Samples were duplicated (n = 2). Mean 
values used to plot graphs. Experimental conditions: WWTP2 and WWTP 5. [DOC]=2.0mg C/L, [HOCl]0 = 70µM - 
140µM -210µM, [Br-]0 = 2.5 µM, [I-]0 = 0.32 µM, pH = 7.5, T = 21 ± 1 C, reaction time = 24h. 
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LIMITATIONS 
Effect of EfOM, initial bromide concentration, pH and chlorine dose on DBPs 
formation and speciation in treated wastewater samples after chlorination investigated in 
this work. However, there were some potential limitations and they needed to be considered 
during evaluation of the findings of this work. The first limitation is that chlorination is the 
only oxidation processes focused. However, different oxidants such as chloramine and 
ozone commonly used during disinfection. Therefore, further research needed to 
investigate effect of different oxidants in EfOM samples. The second limitation is about 
variety of wastewater studied. Five different wastewaters studied; however, the number of 
wastewater type should be increased in the future to broad understanding of EfOM type 
effect on DBPs formation and speciation. The third limitation is, wastewater samples 
filtered with 0.2 µm filter in this work, but previous studies, discussed in this paper, used 
0.45 µm filter. The main purpose of the filtration is prevention of biological activity during 
storage of the samples and using smaller size filter should work better for that purpose. 
However, very low amount of DOC in the range between 0.2 to 0.45 µm. Therefore, little 
portion of DOC belong to DNA, viruses and cell fragments may be removed during 
filtration. The fourth limitation is, effect of ionic strength did not discuss in this work. Most 
of the DBPs studies ignored ionic strength effect on DBPs formation and there is no detail 
information about its effect on DBPs formation and speciation available. Future DBPs 
studies may need to focus on ionic strength and DBPs formation relationship to understand 
how they related with each other.   
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CONCLUSIONS AND RECOMMENDATIONS 
In this study, formation and speciation of THMs, HAAs, HANs, chloral hydrate and 
TOX were investigated at different initial bromide concentrations in five different treated 
wastewater samples. Additionally, the effect of pH and chlorine dose on formation and 
speciation of DBPs was studied in two of the treated wastewater samples. The major 
findings from this study are listed below: 
• Initial bromide concentration was the most important factor controlling formation
and speciation of the different DBPs formed. Moreover, pH was the second most
important factor.
• Formation of both TTHM and brominated THMs increased with elevated initial
bromide concentration. Increasing bromide concentration from 0.5 µM to 10 µM
doubled TTHM formation.
• Initial bromide concentration elevated both THAN and brominated HAN
concentrations.
• THAN /TTHM concentrations were higher in EfOM samples compared to NOM
samples.
• THM formation slightly increased under alkaline conditions while pH value
increased from 6 to 9.
• THAN decreased by increasing pH from 6 to 9. Rate of loss belong to HAN
accelerated in alkaline condition.
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• Total HAA formation was the highest when pH was neutral in previous EfOM
studies and in this study. Moreover, total HAA formation was the lowest when pH
was 9 in this work which is similar with AOM chlorination experiment results
conducted by Liu et al. (2018). Moreover, THAA formation decreased by
increasing pH; however, DHAA formation was favored at pH 7.5.
• Higher chlorine dose increased degradation of HANs. Therefore, lower HAN
formation observed with higher oxidant dose applied.
• Total HAA & DHAA & THAA formation did not change greatly among the
different EfOM samples or with initial bromide concentration.
• Both EfOM type and initial bromide concertation were not effective for TOX
formation. However, at higher initial bromide TOBr concentration increased while
TOCl formation decreased. Moreover, total UTOX formation decreased under
elevated bromide concentration.
• THM and HAA formation did not change dramatically by increasing the chlorine
dose because of limited precursor availability.
• Higher chlorine dose increased formation of both TOCl and TOX.
Recommendations for Practical Applications and Future Research 
• Wastewater treatment plants which are discharging treated wastewater upstream of
drinking water treatment plants may need to improve bromide removal efficiencies.
• More DBPs should be regulated to protect public health.
• A large range of wastewater types should be tested to understand more about how
EfOM affects the formation and speciation of DBPs.
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• How each treatment train (e.g. anoxic, anaerobic etc.) affects the formation and
speciation of DBPs in EfOM samples should be examined in detail.
• More research is needed to investigate how different disinfection processes change
DBPs formation and speciation in EfOM samples.
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APPENDIX A 
Table A 1: Literature list 1 
Paper Author 
Published 
in 
Variable Parameters 
1 
Effect of ammonia on the formation of THMs 
and HAAs in secondary effluent chlorination 
Ying-Xue Sun, Qian-Yuan Wu, 
Hong-Ying Hu *, Jie Tian 
2009 
Ammonia 
Concentration 
THM & HAA 
2 
Effect of bromide on the formation of 
disinfection by-products during wastewater 
chlorination 
Ying-Xue Sun, Qian-Yuan Wu, 
Hong-Ying Hu*, Jie Tian 
2009 
Bromide 
Concentration 
THM & HAA 
3 
Effects of operating conditions on THMs and 
HAAs formation during wastewater chlorination 
Ying-Xue Sun, Qian-Yuan Wu, 
Hong-Ying Hu∗, Jie Tian 
2009 
Chlorine Dose 
THM & HAA 
Contact Time 
Temperature 
pH 
4 
Factors affecting the formation of disinfection 
by-products during chlorination and 
chloramination of secondary effluent for the 
production of high quality recycled water 
Katrin Doederer a, Wolfgang 
Gernjak a, Howard S. Weinberg 
b, Maria Jose´ Farre´ a 
2014 pH THM & HAN 
5 
THM formation during chlorination of treated 
municipal wastewater 
E. Koukouraki and E.
Diamadopoulos
2002 
Contact Time 
THM Chlorine Dose 
pH 
6 
DBP formation in breakpoint chlorination of 
wastewater 
Xin Yang, Chii Shang, Ju-Chang 
Huang 
2005 Chlorine Dose THM & HAA 
Table A 2: Literature list 2 
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Paper Author 
Published 
in 
7 
Comparative mammalian cell cytotoxicity of wastewater with elevated bromide 
and iodide after chlorination, chloramination, or ozonation 
Shengkun Dong1,3,⁎, Thanh H. 
Nguyen1,3, Michael J. Plewa2,3 
2017 
8 
2. Comparison of the disinfection by-product formation potentials between a
wastewater effluent and surface waters 
Tanita Sirivedhin, Kimberly A. 
Gray 
2005 
9 
Impact of Wastewater Treatment Processes on Organic Carbon, Organic 
Nitrogen, and DBP Precursors in Effluent Organic 
Matter 
STUART W. KRASNER,* ,† PAUL 
WESTERHOFF, ‡ BAIYANG 
CHEN, ‡,# BRUCE E. 
RITTMANN, § 
SEONG-NAM NAM, | AND 
GARY AMY⊥ 
2009 
10 
Fate of effluent organic matter and DBP precursors in an effluent-dominated 
river: A case study of wastewater impact 
on downstream water quality 
Baiyang Chena,*, Seong-Nam 
Namb, Paul K. Westerhoffc, 
Stuart W. Krasnerd, Gary 
Amye,f 
2009 
11 THM formation during chlorination of treated municipal wastewater 
STUART W. KRASNER,* ,† PAUL 
WESTERHOFF, ‡ BAIYANG 
CHEN, ‡,§ 
BRUCE E. RITTMANN, | AND 
GARY AMY 
2009 
12 
Effluent Organic Matter (EfOM) in Wastewater: Constituents, Effects, and 
Treatment 
H. K. SHON and S. 
VIGNESWARAN and S. A. 
SNYDER 
2006 
13 
Disinfection by-product formation potentials in wastewater effluents and their 
reductions in a wastewater treatment plant 
Hao L. Tang,a Yen-Chih Chen,b 
John M. Regana and Yuefeng F. 
Xie 
2012 
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Paper Author 
Published 
in 
14 Contribution of Wastewater to DBP Formation 
Stuart W. Krasner; Paul 
Westerhoff and Baiyang Chen; 
Gary Amy; Seong-Nam Nam; 
Zaid K. Chowdhury and 
Shahnawaz Sinha; Bruce E. 
Rittmann 
2008 
15 
Characteristics of C-, N-DBPs formation from nitrogen-enriched dissolved 
organic matter in raw water and treated wastewater effluent 
Huihsien Chang, Chiayang 
Chen, Genshuh Wang* 
2013 
16 
Characterization of dissolved organic matter in effluents from wastewater 
treatment plants 
Akio Imaia,*, Takehiko 
Fukushimab 
, Kazuo Matsushigea 
, Yong-Hwan Kimc 
Kwangsoon Choid 
2002 
17 
Characterization of isolated fractions of dissolved organic matter from sewage 
treatment plant and the related disinfection by-products formation potential 
Hua Zhanga,b, Jiuhui Qua,∗, 
Huijuan Liua, Xu Zhaoa 
2009 
18 
Enhanced Formation of Disinfection Byproducts in Shale Gas Wastewater-
Impacted Drinking Water Supplies 
Kimberly M. Parker,† Teng 
Zeng,† Jennifer Harkness,‡ 
Avner Vengosh,‡ and William 
A. Mitch*,†
2014 
19 
Formation and control of disinfection byproducts and toxicity during reclaimed 
water chlorination: A review 
Ye Du1,2 
, Xiao-Tong Lv1,2 
, Qian-Yuan Wu2, 
⁎, Da-Yin Zhang1,2 
, Yu-Ting Zhou1,2 
Lu Peng1,2 
, Hong-Ying Hu1,3 
2017 
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in 
20 
Increase of cytotoxicity during wastewater chlorination: Impact factors and 
surrogates 
Ye Dua,b, Qian-Yuan Wub,∗, 
Yun Lua, Hong-Ying Hua,c,∗∗, 
Yang Yanga, Rui Liud, Feng Liue 
2017 
21 
Toxicity of wastewater with elevated bromide and iodide after chlorination, 
chloramination, or ozonation disinfection 
Shengkun Dong, Nedal 
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Thanh H. Nguyen 
2017 
22 
Wastewater-Derived Dissolved Organic Nitrogen: Analytical Methods, 
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David L. Sedlak 
2007 
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APPENDIX B 
Table B 1: EfOM type and Initial bromide concentration experiment: THM and HAN results in mass unit. 
SAMPLES' CONC (µg/L) 
TCM CAN TCAN DCAN DCBM 
Chloral 
hydrate BAN DBCM BCAN TBM DBAN 
Total 
THM Total HAN 
WWTP 1 - 0.5 30.44 0.15 0.05 5.34 10.93 14.36 0.10 2.05 1.57 0.24 0.36 43.65 7.57 
WWTP 1 - 2.5 14.92 0.15 0.01 2.32 29.11 7.61 0.31 28.58 3.55 8.36 5.50 80.97 11.84 
WWTP 1 - 5 7.09 0.17 0.00 1.61 27.21 2.97 0.48 48.74 3.16 29.88 9.58 112.92 15.01 
WWTP 1 - 10 3.17 0.16 0.00 0.80 15.96 0.23 0.80 57.00 2.74 88.57 15.96 164.69 20.46 
WWTP 2 - 0.5 23.51 0.11 0.02 2.70 12.37 12.33 0.08 3.16 1.03 0.33 0.34 39.37 4.28 
WWTP 2 - 2.5 9.61 0.13 0.00 1.38 27.96 7.32 0.29 38.06 2.08 16.00 5.57 91.63 9.45 
WWTP 2 - 5 5.32 0.13 0.00 0.98 21.90 2.75 0.35 44.65 1.68 31.04 6.23 102.91 9.38 
WWTP 2 - 10 3.16 0.13 0.00 0.61 13.40 0.63 0.49 50.01 1.58 72.98 9.59 139.56 12.40 
WWTP 3 - 0.5 28.29 0.15 0.04 4.18 10.84 14.20 0.11 2.29 1.51 0.24 0.36 41.66 6.36 
WWTP 3 - 2.5 14.90 0.18 0.00 2.13 29.73 8.31 0.36 30.24 2.92 8.86 5.23 83.73 10.82 
WWTP 3 - 5 7.41 0.21 0.00 1.52 27.94 4.00 0.61 51.08 2.99 30.90 9.55 117.33 14.88 
WWTP 3 - 10 3.14 0.16 0.00 0.82 15.96 0.55 0.80 59.70 2.61 87.52 16.12 166.32 20.52 
WWTP 4 - 0.5 32.54 0.16 0.03 3.57 12.46 11.43 0.10 3.15 1.61 0.24 0.28 48.38 5.75 
WWTP 4 - 2.5 15.45 0.18 0.00 2.14 29.69 6.31 0.31 32.26 4.71 8.26 4.20 85.66 11.54 
WWTP 4 - 5 7.41 0.17 0.00 1.34 27.96 2.19 0.55 62.17 5.74 37.84 10.09 135.39 17.89 
WWTP 4 - 10 3.17 0.15 0.00 0.67 15.39 0.22 0.77 68.50 4.83 103.56 14.56 190.63 20.98 
WWTP 5 - 0.5 28.15 0.17 0.04 4.64 13.28 10.63 0.10 3.65 2.38 0.33 0.42 45.41 7.75 
WWTP 5 - 2.5 13.77 0.24 0.00 2.29 28.68 5.33 0.35 32.62 6.19 8.46 4.65 83.53 13.72 
WWTP 5 - 5 6.26 0.21 0.00 1.44 25.68 1.97 0.56 58.20 6.95 34.68 10.97 124.82 20.13 
WWTP 5 - 10 2.29 0.18 0.00 0.72 13.82 0.12 0.86 64.13 6.04 100.29 17.89 180.52 25.69 
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Table B 2: EfOM type and Initial bromide concentration experiment: HAA results in mass unit. 
SAMPLES' CONC (µg/L) 
CAA BAA DCAA BCAA TCAA DBAA BDCAA DBCAA TBAA HAA5 Total HAA 
WWTP 1 - 0.5 0.00 1.20 25.54 6.10 48.21 1.51 12.02 1.67 0.00 81.36 96.25 
WWTP 1 - 2.5 0.00 2.74 13.02 14.59 14.87 11.06 22.55 12.92 2.81 53.53 94.55 
WWTP 1 - 5 0.00 4.04 8.40 15.98 6.59 19.10 22.34 20.24 7.31 50.07 103.98 
WWTP 1 - 10 0.00 4.76 4.14 14.48 3.49 28.24 16.05 22.90 17.56 50.35 111.63 
WWTP 2 - 0.5 0.00 1.72 19.52 6.55 29.79 1.34 10.66 1.52 0.00 57.20 71.10 
WWTP 2 - 2.5 0.00 3.16 9.06 14.70 7.95 13.69 18.21 12.89 3.91 45.40 83.57 
WWTP 2 - 5 0.00 3.35 4.50 11.23 3.48 13.48 14.06 15.53 5.91 32.70 71.55 
WWTP 2 - 10 0.00 4.16 2.76 10.98 1.54 22.39 11.25 20.67 14.49 37.66 88.24 
WWTP 3 - 0.5 0.00 1.71 26.65 6.44 46.92 1.23 11.69 1.99 0.00 81.25 96.63 
WWTP 3 - 2.5 0.00 3.34 14.06 15.67 16.15 12.40 23.16 14.01 3.12 58.27 101.91 
WWTP 3 - 5 0.00 4.81 10.04 18.01 8.66 23.14 27.27 29.33 10.10 59.85 131.36 
WWTP 3 - 10 0.00 5.72 5.50 15.00 4.14 34.52 18.36 35.22 24.43 59.17 142.89 
WWTP 4 - 0.5 0.00 0.90 27.77 6.56 39.22 1.04 9.63 1.22 0.00 74.59 86.33 
WWTP 4 - 2.5 0.00 2.58 12.42 13.20 10.43 8.47 16.52 9.07 1.70 44.53 74.41 
WWTP 4 - 5 0.00 4.18 8.48 17.44 5.09 22.99 19.64 24.58 9.24 54.01 111.64 
WWTP 4 - 10 0.00 5.60 3.65 13.55 1.54 32.45 11.69 24.63 20.12 51.19 113.22 
WWTP 5 - 0.5 0.00 2.28 29.77 8.57 42.04 1.67 12.39 1.72 0.00 82.05 98.43 
WWTP 5 - 2.5 0.00 3.29 13.35 14.41 10.37 10.62 18.19 10.41 1.98 48.75 82.62 
WWTP 5 - 5 0.00 5.05 8.58 17.99 4.96 25.72 19.89 24.75 9.70 57.26 116.66 
WWTP 5 - 10 0.00 5.80 4.03 12.07 0.90 31.36 10.88 21.11 17.91 48.37 104.07 
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Table B 3: EfOM type and Initial bromide concentration experiment: TOX results in mass unit. 
SAMPLES' CONC (µg/L) 
Sample Chloride Bromide 
WWTP 1 - 0.5 463.71 26.31 
WWTP 1 - 2.5 313.39 152.18 
WWTP 1 - 5 289.15 229.85 
WWTP 1 - 10 526.79 329.93 
WWTP 2 - 0.5 311.59 47.56 
WWTP 2 - 2.5 232.52 167.08 
WWTP 2 - 5 260.39 205.14 
WWTP 2 - 10 216.87 270.39 
WWTP 3 - 0.5 338.80 46.37 
WWTP 3 - 2.5 295.64 151.79 
WWTP 3 - 5 242.50 237.26 
WWTP 3 - 10 132.42 344.75 
WWTP 4 - 0.5 390.33 44.72 
WWTP 4 - 2.5 311.07 153.52 
WWTP 4 - 5 257.42 227.90 
WWTP 4 - 10 158.27 345.97 
WWTP 5 - 0.5 317.41 54.81 
WWTP 5 - 2.5 238.02 146.47 
WWTP 5 - 5 268.86 225.59 
WWTP 5 - 10 154.32 342.46 
86 
Table B 4: pH and Chlorine dose experiment: THM and HAN results in mass unit. 
SAMPLES' CONC (µg/L) 
TCM CAN TCAN DCAN DCBM 
Chloral 
hydrate BAN DBCM BCAN TBM DBAN 
Total 
THM 
Total 
HAN 
WWTP 2 - pH 6 8.86 0.16 0.03 2.45 17.57 6.59 0.17 14.77 4.18 3.17 2.50 44.36 9.50 
WWTP 2 - pH 7.5 9.61 0.13 0.00 1.38 27.96 7.32 0.29 38.06 2.08 16.00 5.57 91.63 9.45 
WWTP 2 - pH 9 14.63 0.17 0.00 0.63 29.95 5.24 0.49 37.50 2.36 17.12 4.03 99.20 7.68 
WWTP 5 - pH 6 13.77 0.24 0.00 2.29 28.68 5.33 0.35 32.62 6.19 8.46 4.65 83.53 13.72 
WWTP 5 - pH 7.5 16.53 0.30 0.00 2.76 33.98 5.33 0.52 36.01 6.32 9.16 4.81 95.68 14.71 
WWTP 5 - pH 9 20.29 0.15 0.00 0.68 34.14 7.33 0.41 38.27 2.35 14.84 4.10 107.53 7.69 
WWTP 2 - Cl2: 5 
mg/L 9.61 0.13 0.00 1.38 27.96 7.32 0.29 38.06 2.08 16.00 5.57 91.63 9.45 
WWTP 2 - Cl2: 10 
mg/L 19.41 0.20 0.01 1.82 32.12 11.14 0.38 26.09 3.40 5.54 2.82 83.17 8.64 
WWTP 2 - Cl2: 15 
mg/L 22.82 0.20 0.02 1.35 33.35 13.16 0.37 23.73 2.51 4.33 1.82 84.23 6.26 
WWTP 5 - Cl2: 5 
mg/L 13.77 0.24 0.00 2.29 28.68 5.33 0.35 32.62 6.19 8.46 4.65 83.53 13.72 
WWTP 5 - Cl2: 10 
mg/L 20.08 0.23 0.02 2.21 31.93 10.35 0.47 27.47 5.08 5.62 3.61 85.09 11.63 
WWTP 5 - Cl2: 
15mg/L 22.86 0.23 0.02 1.63 32.26 11.93 0.44 24.83 3.65 4.60 2.52 84.55 8.49 
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Table B 5: pH and Chlorine dose experiment: HAA results in mass unit. 
SAMPLES' CONC (µg/L) 
CAA BAA DCAA BCAA TCAA DBAA BDCAA DBCAA TBAA Total HAA 
WWTP 2 - pH 6 0.65 5.35 7.63 8.69 12.88 4.15 22.11 12.73 2.94 77.14 
WWTP 2 - pH 7.5 0.00 3.16 9.06 14.70 7.95 13.69 18.21 12.89 3.91 83.57 
WWTP 2 - pH 9 2.83 4.15 6.85 7.18 2.75 7.47 6.11 5.87 4.26 47.48 
WWTP 5 - pH 6 0.65 5.39 8.25 10.03 11.49 5.01 20.94 12.90 3.19 77.84 
WWTP 5 - pH 7.5 0.00 3.29 13.35 14.41 10.37 10.62 18.19 10.41 1.98 82.62 
WWTP 5 - pH 9 3.20 4.22 9.66 9.40 3.56 8.77 5.80 5.99 4.18 54.77 
WWTP 2 - Cl2: 5 mg/L 0.00 3.16 9.06 14.70 7.95 13.69 18.21 12.89 3.91 83.57 
WWTP 2 - Cl2: 10 mg/L 3.30 4.66 10.01 9.15 11.54 4.02 18.22 11.23 3.05 75.17 
WWTP 2 - Cl2: 15 mg/L 4.49 5.09 10.63 10.96 14.37 4.71 22.80 14.22 3.18 90.44 
WWTP 5 - Cl2: 5 mg/L 0.00 3.29 13.35 14.41 10.37 10.62 18.19 10.41 1.98 82.62 
WWTP 5 - Cl2: 10 mg/L 3.75 4.88 12.62 10.92 13.26 5.37 23.10 14.31 3.36 91.57 
WWTP 5 - Cl2: 15mg/L 3.60 4.82 14.59 11.10 14.45 4.26 22.18 13.38 3.01 91.38 
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Table B 6: pH and Chlorine dose experiment: TOX results in mass unit. 
SAMPLES' CONC (µg/L) 
Sample Chloride Bromide 
WWTP 2 - pH 6 237.02 166.01 
WWTP 2 - pH 7.5 219.34 193.18 
WWTP 2 - pH 9 217.69 147.28 
WWTP 5 - pH 6 272.33 165.30 
WWTP 5 - pH 7.5 244.67 162.15 
WWTP 5 - pH 9 251.47 144.31 
WWTP 2 - Cl2: 5 mg/L 219.34 193.18 
WWTP 2 - Cl2: 10 mg/L 219.42 132.11 
WWTP 2 - Cl2: 15 mg/L 283.35 119.06 
WWTP 5 - Cl2: 5 mg/L 244.67 162.15 
WWTP 5 - Cl2: 10 mg/L 252.01 139.09 
WWTP 5 - Cl2: 15mg/L 325.47 136.08 
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APPENDIX C 
Figure C-1: Organic carbon characteristics of Houston NOM and EfOM prior to and after simulated soil-aquifer (Drewes & 
Croue, 2000). 
90 
Figure C-2: Elemental analysis of hydrophobic and transphilic carbon isolated from NOM and EfOM samples (Drewes & 
Croue, 2000). 
91 
Figure C-3: Primary, secondary, tertiary and advanced treatment effluent constituents and concentrations (Tchobanoglous et al., 
1991).   
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